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Intrinsic pathwayruses, caprine arthritis–encephalitis virus (CAEV) and maedi visna virus (MVV)
naturally cause inﬂammatory disease in goats and sheep, provoking chronic lesions in several different
organs. We have previously demonstrated that in vitro infection of caprine cells by CAEV induces apoptosis
through the intrinsic pathway (Rea-Boutrois, A., Pontini, G., Greenland, T., Mehlen, P., Chebloune, Y., Verdier,
G. and Legras-Lachuer, C. 2008). In the present study, we used Tat deleted viruses and SLRV Tat-expression
vectors to show that the SRLV Tat proteins are responsible for this apoptosis. We have also studied the
activation of caspases-3, -8 and -9 by ﬂuorescent assays in caprine cells expressing SRLV Tat proteins, and the
effects of transfected dominant negative variants of these caspases, to show that Tat-associated apoptosis
depends on activation of caspases-3 and -9, but not -8. A simultaneous disruption of mitochondrial
membrane potential indicates an involvement of the mitochondrial pathway.
Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.IntroductionApoptosis plays an essential part in the normal development and
homeostasis of multicellular organisms and also contributes to the
elimination of damaged or virus-infected cells. Cell death by apoptosis
is characterized by speciﬁc morphological and biochemical changes
including cell shrinkage, nuclear chromatin condensation, DNA
fragmentation, and proteolysis of highly conserved cellular proteins
by members of a cysteine-protease family called caspases (Shi, 2002;
Thornberry, 1997). Apoptosis may be induced either by the extrinsic
pathway involving cell surface death receptors or by the intrinsic
pathway induced by intracellular stimuli that transmit a signal to the
mitochondria (Brenner and Kroemer, 2000). The extrinsic pathway is
mediated by interaction of a ligand with death receptors, that triggers
the formation of a multimeric complex followed by the recruitment
and activation of caspase-8 (Lavrik et al., 2005). The intrinsic pathway
involves an alteration of the mitochondrial membrane potential (ΔΨ)
leading to mitochondrial membrane permeabilisation (MMP), and
followed by a release of cytochrome c (Chipuk et al., 2006; Garrido et
al., 2006). Cytolosic cytochrome c binds the protein adaptor APAF-1 to
trigger the formation of a multimeric protein complex termed the
apoptosome that permits recruitment and autocleavage of caspase-9uer).
08 Published by Elsevier Inc. All rig(Bao and Shi, 2007). MMP is tightly regulated by Bcl-2 family
members, including Bcl-2 and Bax, that inhibit or promote MMP
respectively (Reed, 2006). Both the extrinsic and intrinsic pathways,
converge downstream on the executioner caspase-3, whose activity
produces the morphological hallmarks of apoptosis (Porter and
Janicke, 1999). Apoptosis is an essential defense mechanism against
invading pathogens such as viruses or bacteria, andmany viruses have
evolved strategies to control host apoptotic pathways at various
stages.
The primate lentiviruses HIV and SIV can induce apoptosis of both
infected and uninfected CD4+ T cells and this may be an important
mechanism for the depletion of CD4+ T cells during AIDS (Hurtrel et
al., 2005; Ross, 2001). Apoptosis of HIV-infected cells involves both the
major pathways: the extrinsic pathway being mediated by several
death receptors including FAS or TRAIL receptors and the intrinsic
pathway being mediated by viral proteins that target mitochondria
(Arnoult et al., 2004; Petit et al., 2003; Selliah and Finkel, 2001).
Several viral proteins have been shown to be involved in HIV-induced
apoptosis (Varbanov et al., 2006) including Tat (Giacca, 2005), Nef
(Zauli et al., 1999), Vpu (Akari et al., 2001), Vpr (Bouzar et al., 2004;
Moon and Yang, 2006) and the envelope glycoprotein complex
(gp120–gp41) (Holm and Gabuzda, 2005; Perfettini et al., 2005).
Caprine arthritis–encephalitis virus (CAEV) and maedi–visna virus
(MVV) are small-ruminant lentiviruses (SRLV), originally found in
goats and sheep respectively. They cause persistent inﬂammatoryhts reserved.
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infected animals. SRLV infect cells of the monocyte/macrophage
lineage, and viral replication in vivo is associated with differentiation
of monocytes into macrophages (Narayan et al., 1982; Zink et al.,
1990). SRLV, unlike the primate and feline lentiviruses, do not infect
CD4+ T lymphocytes and do not cause immunodeﬁciency in their
infected hosts (Narayan and Clements, 1989). The SRLV genomes
consist of gag, pol, and env genes, common to all members of
retrovirus family and three regulatory genes vif, tat and rev, but they
do not contain the accessory genes nef, vpr, vpu and vpx found in HIV
and SIV genomes.
SRLV, like other lentiviruses, can induce apoptosis in infected cells.
We and others have shown that CAEV or MVV infections in vitro
induce apoptosis through the intrinsic pathway (Bellet et al., 2004;
Duval et al., 2002b; Rea-Boutrois et al., 2008), however, the SRLV viral
protein(s) implicated in this apoptosis remain unknown.
In this study, we have investigated the involvement of Tat proteins
in SRVL-induced apoptosis. We found that SRLV tat deletion or
inactivation mutants induce signiﬁcantly less apoptosis than wild
type viruses in infected cells. In addition, transfection of caprine cells
with plasmids encoding different SRLV Tat proteins induced apoptosis
in the absence of expression of any other viral proteins. Analysis of the
molecular pathways involved in SRLV Tat-induced apoptosis showed
that Tat expression results in an increased levels of active caspase-9 but
not of caspase-8, and coincideswith a breakdown of themitochondrial
transmembrane potential. These results demonstrate that SRLV Tat
proteins promote apoptosis through the intrinsic pathway.Fig. 1. (A, B) Analysis of apoptosis in infected GSM cells with CAEV-pBSCA at early stages of in
infected GSM cells, inoculated with ﬁltered culturemedium, were used as negative controls. T
ﬂow cytometry following incubation with a monoclonal antibody speciﬁc to single-stranded
histograms showing the mean percentage of 4 independent experiments. (C) Viral titers of U
10, 15, 20 and 30 min and UV-inactivated supernatants were titrated for infectious viruses on
GSM cells infected with UV- or temperature-inactivated CAEV-pBSCA. GSM cells were infecte
(CAEV-inT°) or CAEV-pBSCA at anm.o.i of 0.1. Apoptosis was estimated by ﬂow cytometry usi
mock-infected cells and infected cells were determined by Student's t-test (⁎pb0.05, ⁎⁎pb0Results
Early steps of infection are not involved in CAEV-induced apoptosis
We have previously shown that CAEV induces apoptosis of caprine
cells over the time course of infection. In HIV and SIV infection,
apoptosis can be initiated either in early stages of the viral infection
cycle, for instance by HIV env/CD4 interaction (Holm and Gabuzda,
2005; Holm et al., 2004) or can be induced by the later expression of
viral proteins such as Tat (Giacca, 2005), Nef (Zauli et al., 1999), Vpu
(Akari et al., 2001) and Vpr (Bouzar et al., 2004; Moon and Yang,
2006).
To investigate whether CAEV-induced apoptosis is initiated during
early steps of viral infection cycle, GSM cells were infected with CAEV-
pBSCA at high multiplicity of infection (m.o.i) (0.1, 1, 5 and 10).
Apoptosis was measured by ﬂow cytometry using the Apostain kit at
early times post-infection (6 h and 12 h). Mock-infected cells served as
negative controls and staurosporine-treated cells as positive controls.
As shown in Figs. 1A and B, the same percentage of apoptotic cells
(3–5%) was observed in CAEV-infected cultures and in mock-infected
cultures at 6 and 12 h post-infection (Figs. 1A and B), suggesting that
CAEV apoptosis is not mediated at early stages of infection.
To conﬁrm these data, we used both temperature and UV-
inactivated CAEV viruses. We ﬁrst determined infective potential
after different exposure times to UV at various wave lengths in order
to establish the dose required for the complete inactivation of CAEV
virus. As shown in Fig.1C, the 365 nmwavelengthwas not effective forfection. GSM cells were inoculated with CAEV-pBSCA virus at m.o.i 0.1, 1, 5 and 10. Mock-
he rate of apoptosis was analyzed at 6 h post-infection (A) and 12 h post-infection (B) by
DNA, and a polyclonal anti-mouse IgM FITC conjugated antibody. Data are presented in
V-irradiated CAEV-pBSCA virus. CAEV-pBSCA virus irradiated at 254 nm or 365 nm for 5,
GSM cells as described in Materials and methods. (D) Kinetics of apoptosis induction in
dwith UV-inactivated CAEV-pBSCA (CAEV-inUV), temperature-inactivated CAEV-pBSCA
ng the Apostain method at different times post-infection. Statistical differences between
.01).
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completely inactivated the virus. GSM cells were then inoculated with
CAEV inactivated by either UV at 254 nm for 20 min or by incubation
at 56 °C for 30 min. Cell death was measured by ﬂow cytometry using
the Apostain method. Mock-infected cells were used as negative
controls and wild type CAEV infected cells as positive controls. As
shown in Fig. 1D, we observed a progressive increase number ofFig. 2. Apoptosis of GSM cells infected with SRLV Tat-deleted mutants or Tat-mutated
CAEV. (A) Kinetics of production of SRLV Tat-deleted mutants and Tat-mutated CAEV
viruses. Supernatants from GSM cells infected with SRLV Tat-deleted viruses, Tat-
mutated CAEV or wild type viruses (MVV and CAEV) were harvested on several days
post-infection. Supernatants were titrated for infectious viruses on GSM cells as
described in Materials and methods. (B, C) Analysis of apoptosis induced by SRLV Tat
mutants. GSM cells were inoculated with the caprine strain CAEV-pBSCA virus and the
CAEV Tat mutants (CAEVΔtat and CAEV stoptat) (B) or with ovine strainMVV-K1514 and
MVVΔtat (C) at an m.o.i of 0.1. Mock-infected GSM cells were used as negative controls.
At 1, 3, 5 and 6 days post-infection, the rate of apoptotic cells was analyzed by ﬂow
cytometry following staining with Apostain. Results are presented as the percentage of
FITC positive GSM cells. Statistical differences between mock-infected cells and infected
cells were determined by Student's t-test (⁎pb0.05, ⁎⁎pb0.01, ⁎⁎⁎pb0.001).apoptotic cells in GSM cell cultures infected with CAEV-pBSCA,
whereas GSM cells infected with temperature or UV-inactivated
CAEV showed no more apoptotic cells than did mock-infected
cultures. Taken together, these results suggest that CAEV-induced
apoptosis is not initiated at early stages of the viral infection cycle, but
requires expression of viral proteins.
SRLV Tat mutants are unable to induce apoptosis in caprine cells
In order to investigate whether tat gene is involved in SRLV-
induced apoptosis, we used both Tat deleted-SRLVmutants (CAEVΔtat
or MVVΔtat) or Tat-mutated CAEV (CAEVstoptat) from CAEV-Co or
MVV LV1KS1 strains, described in Materials and methods.
We ﬁrst assessed whether these SRLV Tat mutants were able to
replicate in GSM cells. GSM cells were inoculated with SRLV Tat
mutants and at different times after infection the supernatants were
harvested. The titers of infectious cytopathic viruses were determined
as described in Materials and methods. Wild type CAEV viral
supernatants were used as positive controls. All the tat-modiﬁed
viruses showed a progressive increase of virus titers to 105–105.25
TCID50/ml, indicating that these SRLV Tat mutants are able to replicate
in GSM cells (Fig. 2A).
GSM cells were then infected with Tat-deleted mutants (CAEVΔtat,
MVVΔtat) or Tat-mutated CAEV (CAEVstop-tat) at an m.o.i of 0.1.
Mock-infected GSM cells were used as negative controls and CAEV-
pBSCA or MVV K1514 infected GSM cells were used as positive
controls. Mock-infected and virus-infected cells were stained with
Apostain method at 1, 3, 5 and 6 days post-infection and the
proportion of apoptotic cells was assessed by ﬂow cytometry. As
shown in Figs. 2B and C, a progressive increase of apoptosis was
observed in wild type CAEV- or MVV-infected cultures in comparison
to mock-infected cultures. Increased apoptosis was measurable at 3–
5 days post-infection and increased signiﬁcantly by the sixth day post-
infection, reaching 18% in CAEV-pBSCA infected cells, and 23% inMVV-
infected cells compared to only 4.5% in mock-infected cells. In
contrast, a signiﬁcant decrease of apoptosis was observed in GSM
cells infected with CAEV Tat (Fig. 2B) and with MVV Tat mutants
(Fig. 2C) compared to wild type SRLV infected cells. At 1, 3 and 5 days
post-infection, we observed 2%, 4.5%, and 5% of apoptotic cells in
CAEVΔtat-infected cultures and 2.7%, 3.5% and 5% of apoptotic cells in
CAEVstoptat-infected cultures. For MVVΔtat-infected cells, we
observed only 2.5%, 3% and 7% of apoptotic cells at 1, 3 and 5 days
post-infection, respectively. At 6 days post-infection, the rate of
apoptosis that reachs 6.5% in CAEVΔtat-infected cells, 8% in CAEV-
stoptat-infected cells, and 11% MVVΔtat-infected cells, was 2-fold
lower than that in cultures infected by wild type CAEV or MVV. These
results suggest that SRLV Tat proteins could play a signiﬁcant role in
induction of apoptosis in SRVL-infected cells.
Caprine cells expressing SRLV Tat proteins undergo apoptosis
To investigate the ability of SRLV Tat proteins to induce apoptosis,
caprine ﬁbroblast cells (TIGEF), that are easily transfectable, were
separately transfected with plasmids expressing Tat proteins from two
CAEV strains (pTat CO and pTat 93017) or Tat proteins from three MVV
strains (pTat 664, pTat KV1772 and pTat LV1KS1).
TIGEF cells transfected with pCMV plasmid or pRc vif plasmid that
encodes for CAEV Vif protein were used as negative controls.
Apoptosis was evaluated by DAPI and TUNEL stainings at 72 h post-
transfection to visualize cells with aberrant chromatin organization
and cells containing DNA strand breaks and, over time, by ﬂow
cytometry using the Apostain method to quantify the percentage of
apoptotic cells.
In situ apoptosis analysis of all Tat-transfected TIGEF cells showed
the appearance of TUNEL- and DAPI-positive cells with morphological
changes characteristic of apoptosis, such as nuclear fragmentation and
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conserved morphologically normal nuclei. The apoptosis stainings of
TIGEF cells after transfection by pCMV, pTat CO and by pTat LV1KS1
plasmids are presented in Fig. 3A.
Apoptosis was also evaluated by ﬂow cytometry using the Apostain
method at 1, 2, 3 and 4 days post-transfection. As shown in Figs. 3B
and C, the rates of apoptosis in TIGEF cells transfected with Tat
expression vectors increased signiﬁcantly over time, reaching 23% to
31% of apoptotic cells in TIGEF cells expressing SRLV Tat proteins at
4 days, in contrast to only 12% and 12.5% in pCMV- and pRc vifFig. 3. Analysis of apoptosis induction in caprine cells expressing SRLV Tat proteins. (A) In s
transfected with pTat CO or pTat LV1KS1 plasmids that encode the Tat proteins of CAEV-Co an
cells were stained using TUNEL assay for apoptosis detection and counterstained with 0.5 μg
by ﬂuorescent microscopy at magniﬁcation of ×400. (B) Kinetic analysis of apoptosis inductio
that express Tat proteins from CAEV strain such as pTat CO and pTat 93017, or Tat proteins fro
transfected with pCMV plasmid or with pRc Vif plasmid that encodes for CAEV vif protein.
different times post-transfection. Statistical differences between pCMV-transfected cells antransfected TIGEF cell cultures, respectively. The rates of apoptosis in
TIGEF cells transfected with Tat expression vectors are approximately
2.1 to 2.8-fold higher than in control cells, clearly suggesting that SRLV
Tat proteins induce apoptosis in the absence of expression of any other
viral proteins.
Apoptosis induced by SRLV Tat proteins involves caspase-9 and caspase-3
We examined the activation of caspases-8, -9 and -3 to determine
the involvement of the intrinsic or extrinsic pathways in cellsitu detection of DNA fragmentation in TIGEF cells. Caprine ﬁbroblast cells (TIGEF) were
d MVV-LV1KS1 viruses respectively, or with pCMV plasmid. At 3 days post-transfection,
/μl diamidinophenylindole (DAPI) to identify nuclei. TUNEL-positive cells were observed
n in TIGEF cells expressing SRLV Tat proteins. TIGEF cells were transfected with plasmids
mMVV strain such as pTat 664, pTat KV 1772 and pTat LV1KS1. Control TIGEF cells were
Analysis of apoptosis was performed by ﬂow cytometry using the Apostain method at
d Tat-transfected cells were determined by Student's t-test (⁎pb0.05, ⁎⁎pb0.01).
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Lysates from TIGEF cells transfected with pTat Co or pTAT LV1KS1, or
frommock transfected (no DNA) or pCMV-transfected TIGEF cells used
as negative controls, were titrated for caspase-3, -8 and -9 activities by
a ﬂuorescence assay using speciﬁc substrates. As shown in Fig. 4, we
detected signiﬁcant caspase-3 and -9 activities. The activities of
caspase-3 and -9 increased over time to reach their maximal values at
3 days post-transfection. At this time-point, caspase-3 and -9 activitiesFig. 4. Caspase-3, -8 and -9 activities in TIGEF cells expressing SRLV Tat proteins. Caprine
ﬁbroblast cells (TIGEF) were transfected with pTat CO, pTat LV1KS1 or with pCMV
plasmid. Mock-transfected cells without DNAwere used as negative control. At 2, 3 and
4 days post-transfection, cell lysates were prepared and caspase-3, -8 and -9 activities
were analyzed using Ac-DEVD-AMC, Ac-IETD-AMC and Ac-LEHD-AMC ﬂuorogenic
substrates, respectively. Caspase activities are expressed as the fold change of caspase
activities shown by the ratio between the ﬂuorescence obtained in the pCMV or pTat-
transfected cells and the ﬂuorescence measured in mock-transfected cells. Each
histograms present the mean of 3 independent experiments. Statistical differences
between CMV-transfected cells and Tat-transfected cells were determined by Student's
t-test (⁎pb0.05, ⁎⁎pb0.01, ⁎⁎⁎pb0.001).
Fig. 5. Effect of caspase-3 -8 and -9 dominant negative proteins in TIGEF cells expressing
SRLV Tat proteins. TIGEF cell lines that stably express human dominant negative
mutants of caspase-8, -3 or -9 were transfected with pTat Co, pTat LV1KS1 plasmids or
pCMV plasmid. The rate of apoptotic cells was analyzed by ﬂow cytometry following
Apostain staining. Data are presented as the fold change of apoptosis induction shown
by the ratio between the percentage of apoptotic cells measured in each assay and the
percentage of apoptotic cells measured in negative control cells.were 2.4 to 2.8 fold higher in TIGEF cells expressing CAEV CO andMVV
LV1KS1 Tat proteins than in mock-transfected controls (Figs. 4A and
B). In contrast, no signiﬁcant activation of caspase-8 was observed in
TIGEF cells expressing SRLV Tat proteins (Fig. 4C).
In addition, plasmids encoding for dominant negative mutants of
caspase-3, -8 and -9 as previously described in Rea-Boutrois et al.
(2008)were used to conﬁrm caspase involvement in SRLV-Tat-induced
apoptosis. These plasmids encoded for both dominant negative human
caspase variants and neomycin resistance gene (pcDNA-DNcasp3 for
caspase 3, pcDNA-DNcasp9 for caspase 9, and pcDNA-DNcasp8 for
caspase 8). TIGEF cells were transfectedwith pcDNA-DNcasp3, pcDNA-
DNcasp9 or pcDNA-DNcasp8, then selected with G418. Two weeks
after selection, G418-resistant clones were pooled to obtain TIGEF cell
lines stably expressing human dominant negative mutants of
caspases-9, -8 and -3. TIGEF cells stably transfected by the expression
vector pCMVwere used as negative controls. G418-resistant cells were
then transfected with pTat Co, pTat LV1KS1 or pCMV plasmids and cell
death was measured by ﬂow cytometry using the Apostain method at
2, 3 and 4 days post-transfection. As shown in Fig. 5, a signiﬁcant
inhibition of Tat-induced cell death was observed in the presence of
dominant negativemutants for caspase-9, and a complete inhibition of
apoptosis was observed in the presence of dominant negative mutants
for caspase-3, suggesting that caspase-3 and -9 are required for cell
death induced by SRLV Tat proteins. However, no signiﬁcant inhibition
was observed in the presence of dominant negative proteins for
caspase-8, indicating that SRLV Tat-induced apoptosis is mediated
through the caspase-9 pathway.
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Apoptotic signal transduction by the caspase-9 pathway is initiated
by mitochondrial damage that triggers a disruption of the mitochon-
drial transmembrane potential (ΔΨm) resulting in membrane
permeabilisation and the release of apoptogenic factors such as
cytochrome c from the mitochondria. Measurements of ΔΨm
disruption can therefore provide information about the upstream
apoptotic events. We therefore, used the MitoLight lipophilic cationic
agent (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl carbo-
cyanine iodide) to evaluate the changes of ΔΨm in infected cells. In
healthy cells, the MitoLight reagent accumulates and aggregates inFig. 6. (A) In situ detection of mitochondrial transmembrane potential in CAEV-pBSCA infecte
with pTat Co, pTat LV1KS1 plasmids or pCMV plasmid, using the MitoLight detection kit at 2
with appropriate ﬁlters (original magniﬁcation ×400). (B, C) Inﬂuence of anti-apoptotic Bcl-2
the anti-apoptotic Bcl2 protein was transfected with pTat Co (B), pTat LV1KS1 plasmids (C) o
using the Apostain method and the rate of apoptotic cells was analyzed by ﬂow cytometry
between the percentage of apoptotic cells measured in each assay and the percentage of apmitochondria, where it emits a red ﬂuorescence. In apoptotic cells
with altered ΔΨm, the dye in its monomeric form remains in the
cytoplasm and emits a green ﬂuorescence.
To determine whether a disruption of ΔΨm was involved during
SRLV Tat-induced apoptosis, TIGEF cells were transiently transfected
with pTat Co, pTat LV1KS1 or pCMV plasmids. At 2 and 3 days post-
transfection, cells were incubated in the MitoLight reagent for 30 min,
as described in Materials and methods, and examined under the
microscope. As shown in Fig. 6A, pCMV-transfected cells showed
orange-red spots in all cells, indicating healthy mitochondria with an
aggregated phenotype. In contrast, a high percentage of the pTat CO or
pTat LV1KS1-transfected TIGEF cells, showed a green ﬂuorescence,d cells. Mitochondrial transmembrane potential was analyzed in TIGEF cells transfected
and 3 days post-transfection. Stained cells were observed by ﬂuorescence microscopy
protein in caprine cells expressing SRLV tat proteins. TIGEF cell line that stably expresses
r pCMV plasmid. At 2, 3 and 4 days post-transfection, DNA fragmentationwas evaluated
. The histograms represent the fold change of apoptosis induction shown by the ratio
optotic cells measured in negative control cells.
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of the mitochondrial membrane potential. This suggests the involve-
ment of mitochondria in SRLV Tat-induced apoptosis.
Bcl-2 is an anti-apoptotic protein that prevents mitochondrial
membrane permeabilisation (Hockenbery et al., 1993). We therefore
analyzed SRLV Tat-induced apoptosis in cells that over-express Bcl-2
protein.WehavepreviouslyestablishedaTIGEF cell line stablyexpressing
theBcl-2 anti-apoptotic protein by transfectionwithpcDNA-Bcl2plasmid
encoding both the Bcl-2 gene and neomycin resistance gene. TIGEF cells
stably transfected with pCMV plasmids were used as negative controls.
Transfected TIGEF cells were selected with G418. After two weeks,
resistant clones were pooled after two weeks to obtain a TIGEF cell line
stablyexpressingBcl-2 thatwas then transfectedwitheitherpTat Co, pTat
LV1KS1 or pCMV plasmids. Apoptosis was measured at 2, 3 and 4 days
post-transfection by ﬂow cytometry using the Apostain method. Results
(Figs. 6B and C) have shown that over-expression of Bcl-2 is sufﬁcient to
inhibit cell death induced by CAEV CO or MVV K1415 Tat proteins. These
results clearly demonstrate that SRLV Tat proteins induce apoptosis in
caprine cells through the mitochondrial pathway.
Discussion
Over the past few years, a growing number of DNA and RNAviruses
have been found to induce apoptosis in host cells (Clarke and Clem,
2003; Nagaleekar et al., 2007; St-Louis and Archambault, 2007;
Summerﬁeld et al., 2001). Induction of apoptosis following primate
lentiviral infection (HIV and SIV) is well documented (Hurtrel et al.,
2005; Ross, 2001). SIV and HIV can induce apoptosis of both infected
and uninfected T CD4+ cells through both the intrinsic and extrinsic
pathways (Hurtrel et al., 2005; Ross, 2001) and apoptosis of CD4+ T
cells is considered to play a critical role in the development of AIDS
(Alimonti et al., 2003; Gougeon, 2005). Other lentiviral infections have
also been shown to be associated with apoptosis, notably FIV
(Holznagel et al., 1998) and BIV (Xuan et al., 2007). For the SRLV, it
has been demonstrated that that in vitro infection by MVV or CAEV
induces apoptosis in infected cells by the intrinsic pathway (Bellet et
al., 2004; Duval et al., 2002a; Rea-Boutrois et al., 2008). Primate and
human lentiviruses have been shown to express several proteins that
can promote apoptosis through either the extrinsic or intrinsic
pathways. These include HIV and SIV Vpr (Bouzar et al., 2004; Moon
and Yang, 2006), HIV and BIV Tat (Giacca, 2005; Xuan et al., 2007), HIV
protease (Nie et al., 2007) and the envelope glycoprotein complex
(gp120–gp41) of HIV, SIV and FIV viruses (Holm and Gabuzda, 2005;
Perfettini et al., 2005). However the viral protein(s) involved in the
induction apoptosis by SRLV remained unidentiﬁed.
In this study, we examined the role of MVV and CAEV Tat proteins
in apoptosis. First, we show that the CAEV-pBSCA infection of caprine
GSM cells, at high multiplicity of infection does not result in increased
apoptosis at early times post-infection (6 h and 12 h). In addition, GSM
cells infected with temperature- or UV-inactivated CAEV viruses do
not undergo apoptosis. These results suggest that expression of viral
protein(s) is required for CAEV-induced apoptosis.
Caprine cells infected by Tat deleted-SRLV mutants (CAEVΔtat,
MVVΔtat) or Tat-mutated CAEV (CAEVstoptat) show little apoptosis
over the time, whereas cells infected by wild type CAEV or MVV show a
higher percentage of apoptosis. This result suggests that the SRLV tat
gene was involved in SRLV-induced apoptosis. However at 6 days post
infection, a signiﬁcant apoptosis induction was observed in MVVΔtat
infected GSM cell cultures whereas GSM cells infected with CAEV Tat
mutants dot not shown a signiﬁcant apoptosis induction. This could be
related to the differences in cytopathic effects of these viruses. Icelandic
MVV strains induce syncytia and lysis of infected tissue culture
monolayers whereas CAEV strains induce syncytia with persistent
infection of tissue culture monolayers (Hotzel and Cheevers, 2001).
To conﬁrm the involvement of SRLV tat gene in apoptosis, SRLV Tat
expression plasmids were used to transfected caprine cells. Tat genesfrom threeMVV (LV1-KS1, KV1772 and 664) and two CAEV strains (CO,
93017) were selected. Tat proteins of all these viral strains were 100%
identical in the leucine-rich and the cysteine-rich domains except for
one mutation that substitutes a leucine by an isoleucine in the MVV
664 strain. Analysis of apoptosis by DAPI and TUNEL stainings in
caprine transfected cells indicates chromatin condensation and
nuclear fragmentation typical of apoptotic cells. In addition, kinetic
analysis of SLRV Tat-induced apoptosis by the Apostain method
reveals a 2-fold inhibition of apoptosis at 1 day post-transfection and a
signiﬁcant increase in apoptosis over time, reaching a maximum at
3 days post-transfection. Similar results were also obtained using the
TIGMEC caprine epithelial cell line (data not shown) or by using
plasmids expressing Tat proteins from other strains of SLRV (MVV
K1772, MVV 664, or CAEV 93017). These results suggest that SRLV Tat
proteins have both pro-apoptotic and anti-apoptotic activity. Many
viral proteins of primate lentivirus (HIV and SIV) have both pro-
apoptotic and anti-apoptotic activities such as HIV Tat, Nef or Vpr
proteins. In addition, a slight difference in apoptosis induction was
observed between Tat proteins from CAEV strains and Tat proteins
from MVV strains. This might be related to a difference in protein
expression efﬁciencies or to the intrinsic properties of these proteins.
In a previous study, we have reported that MVV Tat can transactivate
the viral LTR (2 of 3-fold) whereas no transactivation activity was
observed with CAEV Tat (Villet et al., 2003b).
Apoptosis can be induced by the extrinsic pathway, which activates
caspase-8 principally through cell receptors or by the intrinsic
pathway where caspase-9 is activated via involvement of mitochon-
dria. In both cases, the result is the activation of the executioner
caspase-3, which mediates the consequent lethal chain of events
(Brenner and Kroemer, 2000; Porter and Janicke, 1999). We conﬁrmed
the role of caspase-3 in TIGEF cells expressing SRLV Tat proteins by
measuring the ﬂuorescence increase in the presence of speciﬁc
ﬂuorogenic substrates as compared to control cells. We also showed
that the expression a dominant negative variant of caspase-3 in the
target cells abrogates the apoptotic response to SRLV Tat expression.
This indicates that the induction of apoptosis by SRLV Tat proteins uses
exclusively a caspase-dependant pathway. Fluorescence assays indi-
cate that caspase-9, but not caspase-8, is more active in the cells that
express SLRV Tat proteins than in control cells, and the dominant
negative variant of caspase-9 reduces the rate of Tat-induced apoptosis
by 70% suggesting that the intrinsic pathwaywas involved in apoptosis
induced by SRLV Tat proteins. We also found a small inhibition (1.3
fold) in the presence of the dominant negative variant of caspase-8,
suggesting that the extrinsic pathway might still play a minor part.
The evidence for involvement of the intrinsic pathway in SRLV Tat-
induced apoptose allows us to investigate a key event in the activation
of caspase-9; mitochondrial membrane permeabilisation. The disrup-
tion of the mitochondrial membrane potential allows leakage into the
cytoplasm of apoptogenic internal mitochondrial components, such as
cytochrome-c (Chipuk et al., 2006; Garrido et al., 2006). Measure-
ments of mitochondrial transmembrane potential in caprine cells
expressing CAEV Co or MVV LV1KS1 Tat proteins show changes
compared to controls, and over-expression of Bcl-2, a protector of the
mitochondrial membrane, signiﬁcantly reduces Tat-induced apopto-
sis. These results clearly indicate that the SRLV Tat proteins induce
apoptosis by the intrinsic pathway, permeabilising the mitochondrial
membrane and causing the release of cytochrome-c.
Collectively, these results reinforced the demonstration that SRLV
viruses induce apoptosis. However, the relevance of this apoptosis
induced by SRLV viruses in vivo is still not investigated. Apoptosis after
viral infection is usually regarded as a cellular attempt to limit viral
replication, and in some cases it might be required for efﬁcient virus
assembly and release or disease progression (Barber, 2001; Benedict et
al., 2002). In SRLV infection, we and others have shown that apoptosis
induced by CAEV required the productive infection of caprine cells
(Rea-Boutrois et al., 2008). Moreover, it has been reported that the use
100 A. Rea-Boutrois et al. / Virology 383 (2009) 93–102of pan caspase inhibitors was sufﬁcient to reduce MVV virus
production (Duval et al., 2002a), suggesting that apoptosis induced
by SRLV viruses could contribute to virus production.
In conclusion, we demonstrate, for the ﬁrst time, that SRLV Tat
proteins is involved in SRLV-induced apoptosis. This apoptosis depends
on activation of caspases-3 and -9 and uses themitochondrial pathway.
Previously, we (Villet et al., 2003a) and others (Harmache et al.,
1995b) have demonstrated that SRLV viruses probably encoded for an
accessory vpr-like protein rather than for a regulatory Tat protein. For
HIV and SIV primate lentivirus, both Tat and Vpr proteins induce
apoptosis. These new results of apoptosis induced by SRLV Tat proteins
do not argue the thesis that SRLV tat genes encode for a Vpr-like
protein but contribute to identify a novel function of SRLV Tat proteins.
Materials and methods
Viruses and plasmids
CAEV-pBSCA virus was produced from the pBSCA plasmid, which
encodes the complete genome of CAEV-CORK strain. The plasmid
construct, and virus production have been described previously
(Mselli-Lakhal et al., 1998). Icelandic maedi–visna virus, strain MVV
strain K1514 was propagated in ﬁbroblast cultures.
The tatdeletionmutant (Δtat) and the Tat stopmutant of CAEVhave
been described previously (Saltarelli et al., 1993) and were obtained
from JE. Clement. MVV Tat deletion mutant (MVVΔtat) was used.
The pTAT Co, pTAT 664, pTat LV1KS1, pTat 93017, and pTat KV1772
plasmids encode respectively the Tat protein from CAEV-CO (mole-
cular clone), CAEV-93017 (ﬁeld isolate), MVV-664 (ﬁeld isolate), MVV-
LV1KS1 (molecular clone of MVV K1514) andMVV-KV1772 (molecular
clone) strains under the control of the CMV promoter (Villet et al.,
2003b). The pRc vif plasmid that encodes for vif protein from CAEV Co
strain under the control of the CMV promoter were obtained from M.
Suzan (Harmache et al., 1995a). The pcDNA-DNcasp3, pcDNA-DNcasp9
and pcDNA-DNcasp8 plasmids encode dominant negative proteins of
human caspase-3, -9 and -8 respectively under the control of CMV
promoter (Forcet et al., 2001) and pcDNA-Bcl2 expression vector
encodes full length human bcl-2 cDNA under the control of CMV
promoter (Hockenbery et al., 1993). Expression vector pBK-CMV
(pCMV) was purchased from Stratagene (Stratagene, France).
Virus production of SRLV-tat mutants
To generate the full length genome of CAEV Tat mutants, the large
HINDIII fragment containing the Tat stop point mutations or the tat
deletionmutants were ligated to the 0.4 kb HINDIII fragment of CAEV-
pBSCA. The DNA ligation product (5 μg) was transfected into 3×105
TIGMEC cells using exgen500 (Euromedex, France). The cell super-
natants were harvested and ﬁltered at different times post-transfec-
tion. MVVΔtat DNA (5 μg) was transfected into 3×105 TIGMEC cells
using exgen500 and cell supernatants were collected at various times
post-transfection.
The virus titers of SRLV tatmutants were determined as described
below.
Virus inactivation and virus titration
UV-inactivated CAEV-pBSCA (CAEV-inUV) was produced by UV-
irradiation of virus particles in culture medium at a distance of 10 cm,
at wavelengths of 254 nm or 365 nm for different times (5, 10, 15, 20
and 30 min). Heat-inactivated CAEV-pBSCA (CAEV-inT) was produced
by incubation of virus suspension at 56 °C for 30 min.
Infectious virus was titrated on subconﬂuent monolayers of
indicator GSM cells inoculated with serial dilutions of ﬁltered viral
supernatants. The inoculatewas washed away after 4 h of contact with
the cells and replaced with fresh medium that was changed every3 days. After 8 days of incubation, the monolayers were stained with
May–Grünwald Giemsa and examined for the presence of syncytia
(giant multinucleated cells). Viral titers were calculated using the
Reed-Muench method and expressed as tissue culture infectious dose
(TCID50) per millilitre of supernatant (Reed and Munch, 1938).
Cells
Goat synovial membrane (GSM) cells were originally obtained
from explanted carpal synovial membrane of a colostrum-deprived
newborn goat as previously described (Narayan et al., 1980). The cells
were cultured in Eagle's minimum essential medium (MEM; Gibco,
Invitrogen France) supplemented with 10% fetal bovine serum (FBS;
hyclone, Perbio, France). Typically, cell monolayers were used for 4 to
8 passages.
Large T immortalized goat embryo ﬁbroblast (TIGEF) cells are a
continuous cell line that was previously immortalized with SV40 T
antigen (Mselli-Lakhal et al., 2001). Cells were maintained in MEM
supplemented with 10% FBS.
Transfection of plasmid DNAs and virus infection
For transfection, TIGEF cells were seeded into 6-well cell culture
plates at a density of 2.105 per well and maintained in culture for 24 h
before treatment with exgen500 (Euromedex, France) according to
the manufacturer's recommendations. Brieﬂy, 3 μg of pTAT Co, pTAT
664, pTat LV1KS1, pTat 93017, pTat KV1772 or pCMV plasmid DNAs
(transfection control) were diluted into 150 μl of NaCl 150 mM prior to
the addition of 15 μl of Exgen500 diluted in 150 μl of NaCl 150 mM.
After incubation for 10 min at room temperature, the mixture was
inoculated to the culture well containing a ﬁnal volume of 1 ml of
medium, and the culture plate was centrifuged 2 min at 800 rpm. The
culture media were replaced with fresh medium 3 h after the
transfection and cells were incubated at 37 °C for further analysis.
For infection, GSM cells were seeded into 6-well cell culture plates
at a density of 1.105 per well. The day after, cells were infected at a
multiplicity of infection (m.o.i) of 0.1 with CAEV-pBSCA, MVV K1514 or
with Tat-mutant SRLV, and culture media were replaced 12 h after
infection. In parallel, cells inoculated with ﬁltered culture medium or
non-infected cells were used as negative control.
DNA breaks
Apoptosis was detected using the Apostain and TUNEL methods:
Apostain labeled monoclonal antibody (Mab) speciﬁc to single-strand
DNA (ssDNA) (F7-26) (Abcys, France) was used according to the
standard manufacturer's instructions. Stained cells were analyzed in a
FACScan ﬂow cytometer (Becton & Dickinson) with a 488 nm argon
ion laser and lysis II analysis software for a minimum of 10,000 events.
Percentages of apoptotic cells reported in the ﬁgures were determined
from the number of cells showing ﬂuorescein-labeled DNA breaks.
Positive controls consisted of cells treated with a non-speciﬁc inducer
of apoptosis; Staurosporine (1 μM; Sigma, La Verpillère, France). In situ
DNA fragmentation was measured using a TUNEL assay with
ApopTag® Red (Chemicon, Millipore, France) according to the
manufacturer's instructions. Brieﬂy, TIGEF cells were cultured on
glass slides and transfected with pTAT Co, pTat LV1KS1 or pCMV
plasmids. Three days later, DNA breaks were stained, and slides were
mounted with DABCO medium containing 0.5 μg/μl DAPI (4′-6-
diamidino-2-phenylindole) for examination by ﬂuorescent micro-
scopy using the appropriate ﬁlters.
Caspase activity assays
Ac-DEVD-AMC (Acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcou-
marin), Ac-IETD-AMC (Acetyl-Ile-Glu-Thr-Asp-7-amino-4-
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amino-4-methylcoumarin) (Anaspec, Euromedex, France) were used
to detect activities of caspase-3, -9, and -8 respectively. Brieﬂy, 1×106
cells were homogenized in 100 μl lysis buffer (10 mM HEPES pH 7.4,
2 mM EDTA, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), 5 mM dithiothreitol (DTT), 1 mM phenyl-
methylsulfonyl ﬂuoride (PMSF), 10 μg/ml aprotinin, and 10 μg/ml
leupeptin) and incubated for 20 min in ice. Cell lysates were
centrifuged at 14 000 g at 4 °C for 15 min, and then the supernatants
were assayed for protein concentration using the Bradford protein
assay. Fifty μM of ﬂuorogenic peptide substrate: Ac-IETD-AMC, Ac-
DEVD-AMC, or Ac-LEHD-AMC were incubated with 100 μg of total
protein in reaction buffer (50 mM PIPES, pH 7.4, 10 mM EDTA, 0.5%
CHAPS, 25 mM dithiothreitol) for 1 h at 37 °C. The ﬂuorescence of
released AMC was monitored using a Victor station (Wallac) at an
excitationwavelength of 355 nm and emissionwavelength of 460 nm.
Index of caspase activity was calculated as the ratio between the
ﬂuorescence of released AMC in lysates from transfected cells and that
of released AMC in lysates from mock-transfected cells. Staurosporine
treated cells (1 μM) were used as a positive control, as above.
Inhibition of caspase activity
For inhibition of caspases-3, -9 and -8 activities in caprine cells, TIGEF
cells were stably transfected with pcDNA-DNcasp3, pcDNA-DNcasp9,
pcDNA-DNcasp8, and pCMV plasmids (control) with Exgen500. Brieﬂy,
TIGEF cells were seeded into 6-well cell culture plates at a density of
2.105 cells/well and transfected with 1 μg of pcDNA-DNcasp3, pcDNA-
DNcasp9, pcDNA-DNcasp8, and pCMV plasmids (control) with
exgen500. Two days later, transfected TIGEF cells were inoculated
with 0.400 μg/μl of G418. Neomycin-resistant cloneswere obtained after
two weeks selectionwith G418. In parallel, the expression vector pCMV
was also introduced into TIGEF cells as a negative control.
Mitochondrial transmembrane potential (ΔΨm) analysis
Changes in mitochondrial transmembrane potential occurring
during apoptosis induced by SRLV Tat proteins were examined using
the MitoLight® apoptosis detection kit (Chemicon, Millipore, France).
Brieﬂy, TIGEF cells were grown on glass coverslips and then
transfected with pTat CO, pTat LV1KS1 or pCMV plasmids. At 2 and
3 days post-inoculation, transfected TIGEF cells were rinsed in PBS and
then incubated with MitoLight reagent for 20 min at 37 °C in a 5% CO2.
Cells were re-suspended in incubation buffer and analyzed by
ﬂuorescence microscopy using band-pass ﬁlters (Fluorescein and
Rhodamine).
Statistical analysis
The means of three to ﬁve independent experiments are presented
as results. Student's test was used for statistical comparison of means
values. p-values b0.05 were considered statistically signiﬁcant.
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